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TH USE OF LUNEBERG LENSES FOR RADAR EHANCEMENT

OF 1E JINDIVIK TARGET AIRCRAFT

by

J. E. A. Harrison

SUIARY

This note describes measurements of apparent radar glint and range
performance made by using AI MO18 and AI Mk.23B radars against a Jindivik
carrying various arrangements of Luneberg lenses. Although the results are
few and statistically somewhat dissatisfying, they agree sufficiently closely
with theory to make them worth while publishing.

Generally, a Luneberg lens of 20 sq. m. equivalent echoing area allows
AI ,1k.18 and AI Mk.23B radars to lock-on at about 20 miles, which is com-
parable with lock-on ranges achieved on Canberra aircraft viewed from dead
astern.

The angle noise produced by tro 12" lenses or a 10" and a 12" lens
mounted on the wingtips of a Jindivik appears comparable with that produced
by a Canberra at similar ranges.
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I INTRODUCTION

The Jindivik target is small, and has a radar echoing area which
varies with aspect between 0-5 and 2.0 sq. m. Most weapon systems and
instrumentation radars require a larger echoing area, which must be pro-
vided by artificial enhancement. In the past, various methods of active
enhancement have been used, such as transponder beacons and travelling
wave amplifiers. All have worked successfully, but they have disadvantages
(as have Luneberg lenses); the Luneberg lens overcomes many of the dis-
advantages of the transponder beacon, such as tuning and frequency stability.

This note describes some tests of range performance and glint using
AI 1,3.18 and AI Mk.23B radars to illuminate Luneberg lenses carried on
Jindivik targets. The results are limited and should be treated with some
caution, but appear to be consistent with theory.

2 PROPERTIES OF WfE LUNEBERG LENS

The Concise Oxford English Dictionary defines a lens as "a lentil
shaped glass with both sides (or one only) curved for concentrating or dis-
persing light rays". The Luneberg lens uses dielectric material to concen-
trate or disperse radio waves. The name is derived from the theoretical
investigations of R. K. LunebergI into the optical properties of such
lenses, which first stimulated interest in their uses for microwave
enhancement.

Luneberg lenses may be divided into two types, monostatic and bistatic.
A monostatic lens theoretically radiates all the energy incident upon it
back in the direction of incidence, whereas a bistatic lens reflects the
energy back into a conical volume of space with its axis of symetry lying
along the direction of incidence. In practice, a perfect monostatic lens
is impossible, partly because of the finite lens aperture and partly because
of imperfections in the dielectric, and all lenses have some bistatio
properties.

The Luneberg lens used for Jindivik enhancement is monostatic, and
consists of a sphere of dielectric material with a metallic reflector
covering some portion of the surface of the sphere.

The monostatic focussing properties of the spherical lens are obtained
by varying the dielectric constant with the radius of the sphere. There are
a large number of different relationships between dielectric constant and
radius w~ich will meet the requirement, and the general solution is quite
involved , but the most common solution is

n =a2-0)

where n = refractive index

a = radial distance 0 < a 4 r

r = radius of sphere.

In practice a Luneberg lens is constructed of many thin spherical
shells with progressive refractive indices, giving a stepped approximation
to the relationship above.

-3-
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A plane electromagnetic wave incident on a dielectric sphere con-
structed in this manner will be refracted and focussed to a point on the
boundary of the spherical lens diametrically opposite to the point of entry
of the wave. If a metallic reflector is placed at the focus point, the
wave is reflected and emerges from an ideal lens as a plane wave reflected
in the direction of incidence. Plane polarised waves are reflected with the
same plane of polarisation, but circularly polarised waves are returned with
their direction of rotation reversed, as from a flat plate.

The angular coverage of the Luneberg lens is controlled by the size of
the reflector. Coverages up to a cone of semi-angle 700 are usable; greater
angles can be achieved, but the return at large angles from the axis of
symmetry of the lens is reduced because parts of the lens are obscured by
the reflector.

So long as the aperture of a monostatic Luneberg lens is not obscured
by the reflector, it can be regarded as a flat plate of effective area

A = tr which rotates to remain normal to the incident radiation. The
echoing area of a flat plate at normal incidence is given by the formula

2

which is derived in many texts, e.g. Ref.3.

Then the theoretical echoing area of a monostatic Luneberg lens is
given by

2
-- A:2

j03 r4(2)
X2

where a = echoing area (sq. m.)

r = radius of lens (m.)

X = wavelength of incident radiation (M.)
2

A = r

It can be seen that the echoing area is inversely proportional to the
square of the wavelength, so that a lens of given size provides much better
enhancement at higher frequencies. In practice, because of lens imperfections
and attenuation through the radome which must be used to protect the lens,
this theoretical echoing area cannot be achieved.

Table I shows theoretical and practical echoing areas for 9", 10", 11"
and 12" diameter lenses at three different frequencies: 8,500 Mc/s and
9,000 Mc/s are typical frequencies for AI radars; 5,500 iic/s is a typical
frequency for the AN/FPS.16 ground instrumentation radar.

-4-
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3 ECHOING AREA REqUIRED FROM THE INDVK TARGET

The echoing area required from the Jindivik target has been expressed
in various ways at different times. These requirements are:

(a) area equivalent to 20 sq. m.,

(b) the same echo as that from a Canberra head-on or tail-on,

(c) adequate to ensure Al look-on at a range of 15 nautical miles.

The relationship between the echoing area of a Luneberg lens, as
defined by equation (2), and the echoing area of an aircraft is complex.
.hereas a lens can be regarded as a simple target with no significant

fluctuation in echoing area for small angular changes in the direction of
viewing, an aircraft represents a multiple target with a considerable statis-
tical fluctuation in echoing area. Measured echoing areas of jet aircraft
normally follow a Rayleigh distribution, signifying that the target consists
of a large number of elements reflecting waves whose relative phases are
independent and vary randomly during the time of observation.

For simplicity in calculation, the echoing area is sometimes defined
as the median value of a large number of observations of the echoing area.
The cumulative properties of the Rayleigh distribution are shown in Figel,
and compared with a simple distribution for a Luneberg lens of equivalent
echoing area.

From Fig.l, it can be seen that although the detection range of an
aircraft may be greater than the detection range of a Luneberg lens of
equivalent echoing area, the look-on range of an Al radar (which requires
at least a 75 per cent probab=ity of paint) on an aircraft is less than
that for the lens because of the probability distribution. Expressed
alternatively, comparing a non-fluctuating target with a fluctuating target
of the same median echoing area, while the fluctuations degrade the perform-
ance at high probabilities (AI look-on), they enhance the performance at
long range (detection). See also Ref.4.

Javing made these caveats, it now becomes possible to consider the
experimental results obtained.

4 RESULTS OF EXPERIMETAL TESTS ON AI DETECTION AND LOCK-ON RANGE

4.1 General experimental conditions

The target used for the detection and lock-on tests was a Jindivik
pilotless aircraft carrying a 10" or 12" diameter Lunoberg lens. The
Jindivik was used because it has a very small natural echoing area; measure-
ments show that its echoing area viewed from astern is about 0'5 sq. m.
Thus glint or amplitude fluctuation effects caused by interference between
the lenses and the natural echo should be small. Because the Jindivik is
pilotless, and there is always a small but finite chance of losing it on arn
flight, the number of flights made was very limited. The results must there-
fore be approached cautiously.

The measurements were made by G.E.C. and Ferranti using AI 1.k.18 and
A I k.23B radars fitted to Canberra aircraft. Two methods of studying range
performance were used. The first was to compare lock-on ranges of the radars
on Canberra and enhanced Jindivih targets. The second was to measure AGC
voltage versus range on the different types of target and to compare these.

-5-
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The first method reprosented operational conditions but gave small
samples of very poor statistical significance. The second method gave
better samples but left the comparison between fluctuating and steady
targets unresolved.

4.2 Detection measurements

The results from the first method are as follows:-

AI_ ,t8.over sea (measurements by G.E.C. Ltd.)

Range for 75% detection of Canberra at 35,000 ft = 25 n.miles

Range for 75;o look-on of Canberra at 35,000 ft = 20 n.miles

Experimental results for detection of 10" dia. lens = 27p 24 and 23
n.miles

= 24.7 n.miles
average

Experimental results for lock-on of 10" dia. lens = 24, 23 and 16
n.miles

= 21 n.miles
average

AL3 uk.23 over sea (measurements by Ferranti Ltd.)

Representative lock-on range on Canberra = 19 n.miles

Experimental result for lock-on of 10" dia. lens = 13 n.miles

(This was not a maximum range, but was limited by the flight pattern.)

AI 1Jc.23B over sea

Representative lock-on range on Canberra = 22 n.miles

Experimental result for lock-on of 12" dia. lens = 17 n.miles

(This was not a maximum range, but was limited by the flight pattern.)

4.3 AGC voltage measurements

AGC voltage measurements were made on Jindiviks equipped with four
different lens combinations. They were:

(a) one 10" diameter lens

(b) one 12" diameter lens

(c) two 12" diameter lenses carried on the Jindivik wingtips
(separation 19 ft approximately)

(d) one 10" and one 12" diameter lens carried on the Jindivik Wingtipa.

The results of the AI M.18 trials are plotted in Fig.2 and the
AI Mk.23B results in Fig-.3. They are again limited in number, and therefore
of low statistical significance. Taking the Mk.18 results first, they appear
to show that one 10" diameter lens is about equivalent to the rear view of a
Canberra at equal altitude, while the tvo lens combinations (one 10" and one
12" or two 12") are approximately 4-5 dB greater.

The Mk.23B results are more complex. There is firstly an apparent dif-
ference between the echoing areas of the Canberra viewed tail-on at equal
altitude and viewed from below, the area at equal altitude being lower.

-6-
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Secondly, there are signs that the calibration of the AGC voltage is slightly
non-linear, giving results differing from the R-4 law which one would expect.

The conclusions are generally in accord with the AI Mk.18 conclusions.
That is, that a single 12" lens is about 3-4 dB better than a Canberra'at
equal altitude. The lens combinations are approximately equal, and about
4-5 dB higher than the single lens.

It must be emphasised once again that the results are of limited
statistical significance, and many more results would be needed before
final conclusions could be reached. However, they do show that Luneberg
lenses of 20 and 40 sq. m. equivalent echoing area provide the same order
of signal as a Canberra viewed tail-on at equal altitude, and that either
lens combination will give a range performance greater than that on the
Canberra.

5 GLINT EFFECTS

5.1 Theoretical considerations

If a number of lenses are used to give radar enhancement when the
target is viewed from any angle, it is inevitable either that gaps will
exist between the lens polar diagrams or that at some angles, two lenses
will be visible to the illuminating radar at the same time. If the signals
returned from the two lenses have similar amplitudes, when they are approxi-
mately in anti-phase at the radar receiver a distorted combined phase front
is produced which shifts the apparent origin of the combined signal outside
the line joining the two lenses. Since the two signals are of similar ampli-
tude and nearly in anti-phase, the combined signal is very small and, due to
the natural oscillations of the target, the anti-phase relationship only
lasts for a very short time. Iowever, if the two lenses are mounted on the
wingtips, the apparent origin of the combined signal may move several wing
spans outside the target, causing a large transient error signal.

Fortunately, because the glint error is transient, its effect on the
radar is greatly reduced by smoothing introduced by the AGC and serve time
constants of the radar.

The theory of angular glint is derived in Appendix I and also in
Refs.5 and 6. The angular error due to glint can be expressed as:-

=2eo = e D ' i - a2 2 (3 and A.12)

I + 2a cos 0 + a

where 0 = angular error0

20D  = apparent angular separation between two lenses

a = ratio of signal amplitude from two lenses

= phase difference between two signals at radar

'hen 0 approaches 1800 and a approaches 1, the angular error can be
very large. The theoretical glint for various values of 0 and a is shown
in Fig.5.

It can be seen from Fig.5 that when a approaches 1, the glint spikes
are very large, but only extend over a small range of 4. When a is smaller,
the glint spikes are smaller but extend over a wider range of phase
difference, 4.

- 7-
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A description in more physical terms is given below. Consider first
a target B on axis (Fig.6a). Then the signals received by the upper and
lower beams are equal and, after subtraction, the error signal is zero.
For a target A above the axis, the signal received by the upper beam is
greater than that received by the lower beam, and the radar must move
upwards to reduce the error to zero.

In Fig.6b, we have a two element target AB with the larger element B
on axis. Let the phase angle between reflections from the two elements be *,
and let the signals from the two target elements be represented by voltage
vectors EA and EB, and let EB =

Ythen the phase angle 0 is small, the resultant signal amplitudes
received in the upper and lower beams are shown in Fig.6c. E-A is greater
than EAL because A is nearer the axis of the upper beam, while B is on the

boresight axis, giving equal signals in both beams. The resultant in the
upper beam is therefore greatest and the aerial moves up.

Uhen 0 is large, conditions are shown in Fig.6(d). Although EAU is

still greater than EAL, it can be seen that the resultant signal is now

greater in the lower beam, giving a signal driving the aerial down and
outside the linear dimensions of the target.

Both the discussions above refer to a monopulse radar as tracker, but
substantially the same arguments can be applied to a conically scanning
radar.

5.2 E.erimental results

Although the theory of glint is simple, the practical amplitudes to
be expected from a Jindivik equipped with two lenses in pods were un~mown.
We therefore decided to try to simulate the worst possible glint conditions
in two ways. Both used two lenses carried on the wingtips of a Jindivik 102.

The first installation had tWo 12" diameter 14O° lenses pointing dead
astern, so that their covers overlapped. This was expected to give very
narrow but large dips in received signal strength, each accompanied by a
large shift of apparent signal origin (a approaching 1).

The second installation had a 12" diameter lens in one pod, and a
10" diameter lens in the other. Hero the signal fades should be smaller
but should last longer (a approximately 0"5). In a system containing time
constants, there was a possibility that this installation might cause more
glint than the sharp dips caused by two oqual lonss.

5.2.1 AI Mk.18 results

Because of shortage of time, the instrumentation system in the aircraft
was used as it stood. A 14-channel galvanometer recorder and a Filot Attack
Sight (PAS) Recorder were used to obtain continuous records, while measure-
ments of AGC levels were recorded by the observer at known ranges.

The 14-channel recorder was used to measure:-

(a) Azimuth sight line error

(b) Elevation sight line error

(c) Signal level

(d) Range marks every 2,000 yards.

-8--
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No detailed analysis of the azimuth or elevation errors has been made.
However, the errors with all the lens arrangements appear to be comparable
with those measured from a Canberra at the same range. The single 10" lens
appeared a steadier target on the PPI than the Canberra. With the multiple
lens arrangements, there were periods when the apparent radar centre of the
target was moving ±0.250 at about 3 c/s. These periods of glint lasted for
about 3-8 seconds, and compare with expected errors from a Canberra of
±0.23' in azimuth and ±0.10 in elevation at comparable ranges.

5.2.2 AIlik.23B results

The AI I..23B results were obtained using an instrumented Canberra
operated by Ferranti Ltd., Edinburgh. Here again, we had a camera photo-
graphing the Pilot Attack Sight, together with a 16 channel galvanometer
recorder measuring, amongst other parameters:

(a) Range voltage

(b) AGC voltage

(o) Radar azimuth error monitor

(d) Radar elevation error monitor

(e) Sight line spin Azimuth

(f) Sight line spin Elevation

(g) Scanner angle Azimuth

(h) Scanner anglo Elevation

(J) Time

We will now consider some of these parameters in turn.

AGC volta

The single lens showed few fades, and those which did occur tended to
be slight. The fade pattern from the asymmetrical lens system appeared very
similar to that from a Canberra, consisting of slow fades of up to 2+ dU,
lasting for about I second.

The symmetrical lens fade pattern was more interesting. At long range
(>50,000 ft) tho AGC voltage was oscillating at about 11 c/o, but from
50,000 ft inwards there were short deep fades, shorter and deeper than
those normally experienced with a Canberra target. The frequency of fading
decreased as the range decreased; thus between 50,000 and 10,000 ft there
were 31 fades in 34 seconds, while between 30,000 and 20,000 ft there were
12 fades in 30 seconds. At shorter ranges there were very few fades. The
average duration of fades was about 0.2 seconds, compared with fades longer
than I second for the Canberra. No satisfactory explanation has been found
for the very rapid oscillations at long range.
AnLetrackinchannels

The noise produced in these channels by both twin lens systems was
very similar to that produced by a Canberra, except that, at ranges less
than 10,000 ft, the noise produced by the Canberra was greater.

For the single lens, elevation noise remained similar to that from a

Canberra, but the azimuth noise was lower.

-9-
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Ran_ing serv os

There appeared to be no significant differences in the noise on the

long and short range rate outputs for the different targets.

6 CONCLUSIONS

6.1 Glint

Although the AGC recordings from both AI Kk.18 and AI LW.23B show
t:at sharp amplitude fades occur with a double lens system, the tracking
errors produced appear to be no worse than those experienced when tracking
a Canberra target. It is interesting to note that the distance between the
Canberra engines is very nearly the same as the distance between the two
lenses on the Jindivik wingtips.

'hen a single lens is used, elevation errors remain similar to those
from a Canberra, but azimuth errors are somewhat reduced.

6.2 A enA jperfo rmance

A 10" lens in a hemispherical radome has an echoing area of between
18 and 20 sq. m. at the operating frequencies of the AI radars. An It lens
is 1.6 dB greater ar a 12" lens is 3 dB greater. The median echo from a
double 12" lens system is a further 3 dB greater, i.e. 6 dB above a 10" lens.

Thus the final conclusions are:

(a) a 10" lens with a hemispherical radome (effective echoing area
between 18 and 20 sq. m.) is equivalent to a Canberra at equal
height viewed from the tail,

(b) a 12" lens with a hemispherical radome is about 3-4 dB greater
than a Canberra,

(c) a two 12" lens system generally shows results about 6 dB higher
than those from a Canberra,

(d) a single lens system will give a shorter pick-up range but a
longer lock-on range than that from an aircraft target of
equivalent echoing area,

(e) a two lens system should ,ive pick-up and look-on ranges
similar to those from an aircraft target of equivalent echoing
area.

7 REC0MENDATIONS

The results are very limited, and all trials should be repeated to
give a better statistical basis. In particular, the acquisition and look-on
ranges of the AI Mk.23B against various lens arrangements should be measured
directly at long ranges.
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APPENDIX I

THE EFFECT OF GLINT ON UIE ANGULAR ACCURACY
OF A MONOPULSE OR STATIC-SPLIT RADAR

A monopulse or static-split radar is a narrow-beam tracking radar
which measures the range of a target and its angular deviation from the
centre of the radar beam every time a pulse returns to the radar.

The monopulse aerial system can measure angle either by amplitude or
phase comparison of signals in different parts of the aerial system. For
amplitude comparison a parabolic reflector is used, fed by four horns. In
transmit, all four horns radiate simultaneously and produce a polar diagram
which is symmetrical about the aerial axis. In receive, the signals from
the four horns are added and subtracted (either in a microwave network or
after rectification) to produce signals related to the angular deviation of
the target from the radar axis.

For phase comparison, separate parabolic reflectors are used for each
receiving beam. As examples, the AN/FPS.16 precision radar uses amplitude
comparison, while the AI Mk.23B uses phase comparison for lateral angle
measurement and amplitude comparison for vertical measurement.

Althougrh the analysis below applies to an amplitude comparison system,
similar results can be obtained for phase comparison and conically-scanning
systems.

Let us first consider the way in which the error signal for a single
point target is derived. The aerial receive polar diagram in the vertical
plane is as represented in Fig.4. Let us assume that the crossover line
between the upper and lower lobes provides the angle datum, and that a
single point target is at an angle e0 from this datum. If 0 is small, we

can assume that the received signal is a linear function of the error angle.

If the target is above the crossover point, the RF voltage received
by the upper lobe can be expressed as:-

Eu = G[1+pO ]  cs 2sflot (A.1)

and by the lower lobe as:-

EL = G[1- po] cos 2xf0 t (A.2)

where G is a factor lumping together target size, system gain, range, etc.,
f is the carrier frequency, and p is the slope of the error polar diagram.

The signals from the two lobes are added and subtracted in a microwave
network. The difference signal between the two lobes is a measure of the
error, and after frequency conversion to intermediate frequency (IF), it is
fed through amplifiers whose gain is controlled by the amplitude of the sum
signal using Instantaneous Automatic Gain Control (IAGC). The IAGC voltage
operates to maintain the amplitude of the difference signal for a given
anLular error thc same as far as possible, thereby keeping tho gain of the
anjlo error detection loop sensibly constant.

- 12 -
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Appendix I

To remove the IF carrier and derive a signal directly proportional to
error, the IF error signal is fed to a phase sensitive detector, together
with the reference signal also transposed to IF. The action of a phase
sensitive detector is discussed further in Appendix 2; it can be regarded
as a multiplicative detector with a difference input

E = E - ED u L

= 2Gj p0° cos 2nflt (A.3)

and a sum input (see Appendix 2)

D = co 2%f t (A.4)

where f1 = IF frequency

G1 lumped factor at output of IF amplifier.

The output error signal is:-

i = APe oo02 fi

= 8 p0° ( + c0s Laf t)

and, since high frequency terms are rejected by filtering, we can wri.te:-

i = G, * (A.5)

'Jhen the radar is pointing at the target, eo = 0 and i = 0.

Let us now consider a target consisting of two elements, A and B
(Fig.4). Each element contributes to the received signal, and the returned
signals from each element have the same frequency, but a phase difference
proportional to the range difference from the radar.

Let 0 = angle between crossover line and centre of target0

2eD  = angular width of target as seen from radar
EB

a = = ratio of returned signals from two elements

= 2nf = angular carrier frequency

Wi = 2AfI = angular IF frequency.

Then we can write for the lobe voltages:-

-13 -
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Appendix I

Eu= G 11+ p(e0 - e D)] coo w 0t +i aG + p( 0 + e D)] cos(W 0t+ 0)

(A.6)

EL = C[-P(e-eD)] cos,%t+ aG 1-P(%+eD)] oos(Wot+).

(A.7)

Following the procedure for the single element:-

= 4 cos W t + a cos(wlt + ,)j (A.8)

ED = 2G p[(eo-eD) cos wt + a(eo+eD) cos(Wit+,)J (A.9)

and the output of the phase sensitive detector is:-

i G ~ ~ -0 cos o,1t + a(e + 6) Cos W t ocs(W t+)

+ a(e. - D) cos WIt cos(w t+)

+ a2(0 +eD) cos2(Wlt+ )] . (A.10)

Rejecting higher frequency elements by a low pass filter as before:-

= Gp [(eo"D) a(e0+ OD) coo + a(eo- cos + a2 (0+ OD)-

= 8 G1p [eo + 2a cos + a2) + e(.2_ 1)

The radar will move to make i = 0. The condition for this is:-

o = e D c - a 2 °  (A.12)
1 + 2a coo 0 + a

- R-
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APPENDIX 2

THE PHASE SENSITIVE DETECTOR

The theory of a phase sensitive detector is discussed fully in
Ref.7. A brief summary is as follows:-

In the phase sensitive detector, the polarity of the output of an
amplifier is reversed at regular intervals Corresponding to a half-cycle
of the sinusoidal signal to be observed,

The action of the detector may be represented by multiplying the
input by a function * which is the well-known "square-wave" function.
Thus (neglecting noise)

i = (E cos 2%ft) *(2%ft + m) (A.13)

where i = output current

E = amplitude of sinusoid being detected

f = frequency of sinusoid

= phase difference between input and switching signals

and the function *(x) is defined as follows:

*(x 2 4 -~ x <~ 2

S<(A.14)2 2<

For other values of x, * is defined by the condition that it is

periodic with period 2n.

The function *(x) can be expanded as a cosine Fourier series (being
an even function of x) in the form

0(X tOs x - cos 3x + I cos 5x -(A.15)

The current i in the output may therefore be expressed in the form

i = E cos 2nft Lcos(2xft+ m) - I cos(6xft+ 3m)

+ cos(lO~ft+ 5m] (A.16)+5

Only the first term in the expansion of the series for *(x) need be considered,
as the others are removed by a low-pass filter.

In the particular phasp sensitive detector considered in Appendix I,
CL = 0.

We can therefore treat the phase sensitive detector as a multiplicative
detector in which the input signal is multiplied by a referonce sine wave of
amplitude 4/h at the fundamental frequency.

- 15 -
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FIG.fi(d-d)

(a) DIAGRAMMATIC REPRESENTATION OF TARGET.
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